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We introduce a first-principles study to clarify the carrier-scattering property at the SiC/SiO2. Interestingly,
the electron transport at the conduction-band edge is significantly affected by the introduction of oxygen, even
though there are no electrically active defects. The origin of the large scattering is explained by the behavior
of the internal-space states (ISSs). Moreover, the effect of the ISSs is larger than that of the electrically active
carbon-related defects. This result indicates that an additional scattering not considered in a conventional Si/SiO2
occurs at the SiC/SiO2.
DOI: 10.1103/PhysRevB.95.041302
SiC is a promising material for power electronics because of
its wide band gap, high breakdown electric field, high thermal
conductivity, and ability to form a native gate insulator, namely,
SiO2. One of the most serious problems of SiC-based metal-
oxide-semiconductor field-effect transistors (MOSFETs), pri-
marily those of the n-channel type, is their low channel mo-
bility caused by excessive electron scattering at the SiC/SiO2
interface [1,2]. It is widely accepted that the degradation of
channel mobility originates from electron trapping, Coulomb
scattering, surface phonon scattering, and surface roughness
scattering [3]. The Hall measurement suggests that the amount
of electron trapping is reasonably low after NO annealing and
that it does not play an important role in the channel mobility
under a heavy inversion condition [4]. Coulomb scattering can
be suppressed by reducing the interface state density. However,
even after the interface state density is significantly reduced
by passivation treatment, the peak channel mobility is still less
than 10% of the bulk mobility [5–7]. On the basis of mobility
models parametrized by the fitting of experimental mobility
data, it has been reported that surface phonon scattering is not
a factor limiting channel mobility [4,8]. Although the surface
roughness scattering is dominant at a high effective field, the
channel mobility is low at a low effective field. The above
results imply that an additional scattering mechanism that does
not appear in a conventional Si/SiO2 interface is needed for
the accurate modeling of mobility. A more comprehensive
understanding of the electron-scattering mechanism at the
SiC/SiO2 interface will be indispensable for further improving
the channel mobility in SiC-MOSFETs.
SiC has numerous polytypes, which are characterized by
the stacking sequence along the [0001] direction. Recently,
Matsushita et al. performed first-principles electronic-
structure calculations for SiC polytypes and revealed that the
wave functions at the conduction-band edge (CBE) of SiC are
distributed not near atomic sites but in the internal space [9,10].
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The shape of the internal-space states (ISSs) determines the
band gap and electron mobility of SiC polytypes. On the other
hand, for the SiC/SiO2 interface, the behavior of the ISSs is
affected by the surface orientation of the SiC substrate because
the wave functions of the ISSs are distributed along a specific
crystal direction. Some of the present authors previously inves-
tigated the 4H -SiC(0001)/SiO2 interface, which is commonly
employed for MOSFETs, and found that the spatial distribution
of the ISSs near the interface varies between two types of
interface structures denoted by the h and k types, which have
cubic and hexagonal stacking sequences from the top of the
SiC bilayer, respectively [11]. Indeed, for the SiC surface,
the existence of such inequivalent structures is supported
theoretically [12,13] and experimentally [14]. Moreover, a
vicinal 4H -SiC(0001)/SiO2 interface containing the h and k
types was observed by transmission electron microscopy [15].
Since carrier electrons pass through the CBE states, i.e., the
ISSs, in n-channel MOSFETs, it is important to examine the
relationship between the behavior of the ISSs at both interfaces
and the transport property through the ISSs.
For the modeling of carrier mobility in SiC devices,
technology computer-aided design tools using empirical scat-
tering parameters are usually employed. Although technology
computer-aided design simulations are useful for obtaining a
rough estimation of the scattering mechanism, it is unclear in
many cases how the experimental data should be interpreted
in terms of the microscopic behavior. More rigorous and
accurate theoretical processes based on first principles are
required to take into account the effect of the ISSs on the
transport property. Recently, Iskandarova et al. performed
first-principles electron-transport calculations for the 4H -
SiC(0001)/SiO2 interface using localized basis sets [16].
However, since localized basis sets cannot reproduce the ISSs
correctly [9], the contribution of the ISSs has not been properly
investigated. Therefore, to our knowledge, there have been no
first-principles electron-transport calculations examining the
contribution of the ISSs to the scattering property of defects at
the SiC/SiO2 interface.
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FIG. 1. Atomic structures of the 4H -SiC(0001)/SiO2 interface.
(a) h type and (b) k type. Blue, yellow, red, and white spheres are Si,
C, O, and H atoms, respectively.
In this study, first-principles calculations on the electron-
scattering property of the oxygen-related structures at the 4H -
SiC(0001)/SiO2 interface, which appear during dry oxidation,
are performed. Note that the oxygen-related structures at the
h type, which do not have defect states at the interface, give
rise to considerable electron scattering. The large scattering at
the h type is direct evidence that the difference in the behavior
of the ISSs between the h and k types plays a decisive role in
the electron-transport property at the SiC/SiO2 interface. We
also examine the electron transmission when carbon-related
defects exist in the interface. It is intriguing that the effect
of the ISSs on the electron scattering is more significant than
that of the defects. Since electron scattering by electrically
inactive oxygen-related structures does not generally occur in
conventional Si-MOSFETs, our finding provides a scattering
mechanism at the SiC/SiO2 interface which has not been
considered so far. Because the 4H -SiC(0001)/SiO2 interface
inevitably contains both interface types, electron scattering at
the SiC/SiO2 interface generated by dry oxidation is intrinsic
and appears to be one of the limiting factors for obtaining high
channel mobility in n-channel SiC-MOSFETs.
Figure 1 shows the atomic structure of the interface. Since
the transport calculation for the interface between crystalline
SiC and amorphous SiO2 is computationally difficult, the crys-
talline interface model generated in previous works [11,17] is
used to examine the electron-transport property of the 4H -
SiC(0001)/SiO2 interface. Our two-dimensional slab model
with an 11 ˚A vacuum region contains a crystalline substrate
with six planes of SiC bilayers connected to β-tridymite
SiO2 with a thickness of 9 ˚A. According to technology
computer-aided design analysis for SiC-MOSFETs [8,18],
most of the carriers induced by applied gate bias accumulate
in a few layer thickness beneath the interface, indicating
that our interface model for the transport calculations is
sufficient to reproduce the behavior of the induced carriers.
This model is referred to as the initial interface. It has been
reported that dry oxidation occurs via the reaction of O2
sequentially arriving at the interface with the CO emission
and the following oxygen-related structures will appear at the
FIG. 2. Atomic structures of (a) (C-Ci)C and (b) CC at the
SiC/SiO2 interface. Light-blue spheres are C atoms in (C-Ci)C and
CC. Other colors are the same as those in Fig. 1.
SiC/SiO2 interface [11,19,20]: single oxygen interstitials at
the interface, Oif; double oxygen interstitials at the interface
and subsurface, Oif+sub; and carbon vacancies at the interface
saturated by two O atoms, VCO2. In addition, single carbon
interstitials, (C-Ci)C, and carbonyl complexes, CC, at the
interface, which are referred to as carbon-related defects, are
investigated since they are among the strongest candidates
for the interface defects according to other theoretical and
experimental results [20–22]. The structures of the carbon-
related defects are illustrated in Fig. 2. The optimized atomic
structures are obtained in the same manner as in Ref. [11].
To perform the transport calculation, we adopt the Green’s
function method and the Landauer-Bu¨ttiker formalism [23]
within the framework of density functional theory [24,25].
Figure 3 illustrates schematics of the computational models
used for the transport calculations, in which the whole system
is divided into three parts: a left lead, a central scattering
region, and a right lead. The central scattering region is
composed of the SiC/SiO2 interface including the oxygen-
related structures or carbon-related defects. The left (right)
lead is a semi-infinite slab along the [1120] ([1120]) direction
Left lead Right lead
[1120]
[0001]
Scattering
gre ion
FIG. 3. Schematic image of the transport-calculation model. The
boundary between the scattering region and the semi-infinite leads
is distinguished by solid lines. Supercells of leads are bounded by
dotted lines. The illustrated scattering region contains Oif within the
h type. Colors are the same as those in Fig. 1.
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FIG. 4. Transmission spectra for (a) oxygen-related structures in h type, (b) oxygen-related structures in k type, (c) carbon-related defects
in h type, and (d) carbon-related defects in k type. The horizontal axis is the energy relative to the Fermi energy EF defined as the center of the
band gap. The vertical axis is the total transmission probability.
and its atomic structures correspond to those of the initial
interface. Periodic boundary conditions are imposed in the
[1100] and [0001] directions.
The single-particle Green’s function for the central scatter-
ing region can be expressed in the following form:
GC = (Z − HC − L − R)−1, (1)
where Z(= E + iδ) is the complex energy with δ being a
positive infinitesimal, HC is the Kohn-Sham Hamiltonian of
the central scattering region, and L (R) is the self-energy of
the left (right) lead. The transmission from the left lead to the
right lead can be derived using the Fisher-Lee formula [26]
T = Tr[LGCRG†C], (2)
where {L,R} = i({L,R} − †{L,R}).
Transport calculations are performed using the real-space
finite-difference method [27] implemented in the RSPACE
code [28,29]. The exchange-correlation energy among the
electrons is treated in the local density approximation [30].
Norm-conserving pseudopotentials generated by the Troullier-
Martins scheme are adopted to describe the electron-ion
interaction [31,32]. A grid spacing of 0.22 ˚A in the real
space and the -point approximation in the two-dimensional
Brillouin zone are used.
We first discuss the effect of the oxygen-related structures
on the electron-transport property at the SiC/SiO2 interface.
The transmission spectra defined by Eq. (2) are shown in
Figs. 4(a) and 4(b). The transmission of the initial interface
is depicted as a black line for comparison. Since it has been
reported that p-channel SiC devices cannot compete with Si
devices [2], the majority of SiC-MOSFETs are n-channel
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FIG. 5. (a) Channel transmission and (b) spatial distributions of
scattering wave function for the eigenchannel. In (b), the case for Oif
in h type at 1 eV from the CBE is shown. Channels are labeled in
descending order of transmission probability.
ones. Thus, we focus on the electron transport through the
CBE states. We find that the transmission at the CBE strongly
depends on the type of interface, decreasing at the h type
but almost remaining unchanged at the k type. This result
indicates that the electron transmission through the h type is
sensitive to the structural deformation caused by the insertion
of oxygen. It is surprising that the oxygen-related structures,
which are naturally generated at the SiC/SiO2 interface
during dry oxidation, cause the electron scattering because the
oxygen-related structures considered here have been reported
to be electrically inactive [20].
To obtain further insight into the origin of the electron
scattering at the h type, we perform the eigenchannel de-
composition [33] of scattering wave functions, where the
scattering wave functions are obtained using GC , L, and
incident waves from the left lead [34]. We show the channel
transmission and the spatial distributions of the square of the
scattering wave function only for the case of Oif in Fig. 5 since
no significant differences are observed among Oif , Oif+sub,
and VCO2. It is found that there are three channels in the
cubic-stacking regions of SiC (ABC or CBA). Although these
channels have the same energy level in the bulk case, they
have slightly different energy levels owing to the existence of
the interface for the present slab models. The transmission in
the first and second channels rapidly saturates to unity, which
means that there is no electron scattering. On the other hand,
the transmission through the third channel, which is located
slightly below the SiC/SiO2 interface, is low. To consider the
scattering property of the third channel in more detail, we
calculate the barrier height V of the scattering potential using
a one-dimensional free-electron-like model. V is fitted so as
to reproduce the transmission probability of the third channel
T3rd obtained by first-principles calculations,
T3rd =
⎧⎨
⎩
4E(V−E)
4E(V−E)+V 2 sinh2 κb (E < V )
4E(E−V )
4E(E−V )+V 2 sin2 Kb (E  V ).
(3)
Here, E = mv2/2, κ = √2m(V − E)/, and K =√
2m(E − V )/, where  is the reduced Planck’s constant, m
is the electron mass, and v is the group velocity of the incident
electrons through the third channel. b is the barrier length of
the scattering potential, which is chosen to be one-third of the
supercell because the length of the Wigner-Seitz cell of Si and
C atoms in SiC bulk is one-sixth of the supercell along the
[11¯20] direction. The calculated barrier heights V are listed in
Table I. It is found that all oxygen-related structures behave
as a potential barrier.
The scattering mechanism can be understood in terms
of the modulation of the CBE of SiC near the interface.
As mentioned in Ref. [9], the electrostatic potential at the
tetrahedral interstitial site surrounded by four Si atoms (Si
tetrahedral structure) is low because of the electron transfer
from Si to C. However, when an O atom is inserted between
the Si-C bond at the interface, the electrostatic potential at
the Si tetrahedral structure is shifted upward owing to the
strong electronegativity of O. Since the Si tetrahedral structure
appears in the cubic-stacking region, the band gap of theh type,
where the ISSs appear slightly below the interface, is widened
locally around the oxygen interstitial. For the k type, where the
cubic-stacking region starts from the second SiC bilayer, the
ISSs are insensitive to the insertion of oxygen in the interface.
Therefore, the transmission through the h type is decreased,
while that through the k type is almost unchanged.
The transmissions through the h and k types with carbon-
related defects are illustrated in Figs. 4(c) and 4(d), respec-
tively. Similarly to the case of the oxygen-related structures,
the transmission at the h type is markedly decreased. The
scattering at theh type occurs in the third channel, which can be
explained by the negatively charged C atoms from the carbon-
related defects and the existence of the ISS distributed near the
interface. Note that a decrease in the transmission of (C-Ci)C
at the k type is also observed, while the scattering of the CC
is marginal. From the charge density distributions of the CBE
state at the k type (not shown here), hybridization between the
C=C π∗ state and the topmost ISSs of the k type is found,
indicating that the scattering at the k type originates from
the hybridization effect. On the other hand, from the charge
density distributions, we know that hybridization between the
C=C π∗ state and the ISSs of the h type is small. However,
the transmission of the h type is smaller than that of the k type
due to the effect of the ISSs.
To compare the density of the ISSs at the interface with
the sheet electron density in the inversion layer, we solve the
041302-4
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TABLE I. Transmission probabilities of the third channel and barrier heights calculated using
Eq. (3). The energies of the incident wave are ECBE + 0.7 eV and ECBE + 1.0 eV, where ECBE is the
energy of the CBE.
Transmission probability Barrier height (V)
Model ECBE + 0.7 eV ECBE + 1.0 eV ECBE + 0.7 eV ECBE + 1.0 eV
h-type Oif 0.30 0.52 1.48 1.30
Oif+sub 0.48 0.72 1.15 0.97
VCO2 0.33 0.34 1.41 1.64
(C-Ci)C 0.11 0.14 2.16 2.30
CC 0.14 0.69 1.99 1.02
Poisson equation using typical conditions, i.e., an accepter
density of 1.0 × 10−16 cm−3 and a temperature of 500 K. The
sheet electron density is on the order of 1013 cm−2, which is
larger than the defect density (∼1011 cm−2) calculated using
the experimental interface state density and the dispersion
of the density in energy. On the other hand, the density of
atoms at the SiC(0001) face is 2.44 × 1015 cm−2, indicating
that the density of the Si tetrahedral structures in which the
topmost ISSs appear is on the order of 1014 cm−2. Therefore,
we can conclude that the ISSs play a prominent role in the
scattering at the SiC-MOSFET when the interface state density
is sufficiently reduced because the oxygen-related structures
are usually formed by dry oxidation.
In summary, we investigated the electron transmission
through the CBE state at the two types of 4H -SiC/SiO2
interface, i.e., the h and k types, to clarify the atomistic
origin of the mobility degradation in n-channel MOSFETs.
Our results show that oxygen-related structures at the h type
lead to electron scattering, which is counterintuitive because
these structures are believed to be electrically inactive. Two
physical phenomena combine to prevent electron transmission
in the h type. First, the ISSs appear from the top of the
interface in the h type. Second, the energy level of the
ISSs is shifted upward by the Coulomb interaction with
inserted O atoms or defects. The electron scattering by
carbon-related defects was also examined. Interestingly, the
contribution of the ISSs to the electron scattering is greater
than that of the electrically active states of carbon-related
defects. Since the existence of both interfaces has been
proven by transmission electron microscopy, these phenomena
likely occur at the 4H -SiC(0001)/SiO2 interface, resulting
in an additional scattering not considered in a conventional
Si/SiO2. Further improvement of the SiC-MOSFET will
require the consideration of the relationship between the ISSs
at the interface and the crystal orientation of SiC as well as the
decrease in the interface state density.
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